The combination of a vascular endothelial growth factor (VEGF) -neutralizing antibody, bevacizumab, and irinotecan is associated with high radiographic response rates and improved survival outcomes in patients with recurrent malignant gliomas. The aim of these retrospective studies was to evaluate tumor vascularity and expression of components of the VEGF pathway and hypoxic responses as predictive markers for radiographic response and survival benefit from the bevacizumab and irinotecan therapy.
INTRODUCTION
Glioblastomas are highly lethal cancers characterized by florid angiogenesis. 1 Although several molecular mechanisms contribute to tumor angiogenesis, the vascular endothelial growth factor (VEGF) pathway seems particularly important and has been a prominent therapeutic target in cancer treatment. Recently, we have demonstrated encouraging benefit in malignant glioma patients treated with a VEGF-neutralizing antibody, bevacizumab (Avastin; Genentech, South San Francisco, CA), in combination with a topoisomerase-I inhibitor, irinotecan (Camptosar; Pfizer, New York, NY) in a phase II clinical trial. 2, 3 This combination demonstrated a remarkable radiographic response rate of 63%, with a 6-month progression-free survival rate of 32% for glioblastoma multiforme (GBM) and 61% for recurrent WHO grade 3 gliomas. The encouraging radiographic response rates detected in this initial phase prompted an expansion to include a total of 68 patients with recurrent malignant gliomas. 3 The 6-month progression-free survival rate for all 68 patients was 43% for recurrent GBM and 61% for recurrent anaplastic gliomas. 3 Despite this encouraging result of anti-VEGF therapy in malignant glioma, there are several challenges to be overcome to achieve optimal clinical benefit. Only a subset of patients who received bevacizumab experienced radiographic response or prolongation of survival. To date, there is no predictive biomarker of response or survival benefit for bevacizumab in most solid malignancies. 4 Thus, there is an unmet need for predictive biomarkers to enrich for patients who are likely to have either a response to or resistance to bevacizumab. Recently, two studies using immunohistochemical (IHC) analysis of archival tumor specimens have elucidated the molecular determinants for response to epidermal growth factor receptor (EGFR) -targeted therapeutics in malignant gliomas. 5, 6 These studies indicate technical feasibility of tumor immunohistochemistry for biomarker identification in malignant gliomas, which may serve as a paradigm of biomarker-guided targeted therapy if independently validated in larger prospective trials.
Because VEGF is a molecular target for bevacizumab, we hypothesized that VEGF, its receptor (VEGF receptor-2 [VEGFR-2]; also known as kinase insert domain-containing receptor [KDR]), or tumor vascularity as identified by CD31 may represent a surrogate marker for therapeutic response. Hypoxia is one of the key pathophysiologic features in glioblastomas driving angiogenesis, invasion, and therapeutic resistance. 7, 8 Carbonic anhydrase 9 (CA9) is a hypoxiainducible transmembrane enzyme that has recently been shown to be an independent prognostic factor for malignant astrocytoma patients. 9, 10 Its membrane location and stability present a reliable and attractive marker for hypoxia.
11 Hypoxia-inducible factor (HIF) -2␣ is a hypoxia-inducible transcription factor, regulating angiogenesis and other malignant phenotypes of cancer. 12, 13 Recently, HIF-2␣ has been shown to be complementary to CA9 as hypoxia determinants to predict locoregional control and survival outcome after radiotherapy in head and neck cancer patients. 14 In the current study, we used semiquantitative IHC analysis of these angiogenic and hypoxic markers on tumor specimens from malignant astrocytoma patients treated with bevacizumab plus irinotecan to identify predictive biomarkers of response and survival.
PATIENTS AND METHODS

Clinical Trial and Tissue Acquisition
From April 2005 to February 2006, 68 patients with recurrent malignant gliomas (35 patients with GBM and 33 patients with WHO grade 3 gliomas) were treated in a phase II trial of bevacizumab and irinotecan at Duke University Medical Center (clinicaltrial.gov identifier: NCT00268359). 2, 3 Of these patients, those with anaplastic oligodendroglioma (a total of eight patients), who have different biology, treatment response, and survival, were excluded from the current analysis, leaving 60 patients for further analysis. Because concerns for intracerebral hemorrhage precluded administration of bevacizumab within 4 weeks of craniotomy, we retrospectively collected paraffinembedded tumor material for IHC analysis from the initial diagnostic biopsy of patients who entered this trial. Before enrollment, patients underwent informed consent approved by the Duke University Institutional Review Board. This correlative study was conducted without industry support. Initial diagnosis was determined by neuropathologists at Duke University Medical Center or local facilities, where surgeries were performed. Independent confirmation of diagnosis and presence of tumor in each specimen was endorsed by a neuropathologist (R.E.M.), who was unaware of the results of IHC analysis. Histologic material was assigned by serial number and blinded for investigators (S.S. and Y.C.) who performed IHC staining blinded to patient information. Clinical data were maintained in a separate database by Duke Cancer Center biostatisticians (J.E.M. and J.E.H.), who performed statistical analyses.
IHC
Paraffin-embedded tumor sections underwent IHC staining for five protein markers with the following antibodies: VEGF-A (Santa Cruz Biotechnology, Santa Cruz, CA), VEGFR-2/KDR (LabVision, Fremont, CA), CD31 antibody (Dako North America, Carpinteria, CA), HIF-2␣ antibody (Chemicon, Temecula, CA), and CA9 antibody (Novus Biologicals, Littleton, CO). A modified diaminobenzidine-streptavidin technique was used for IHC, as previously described. 15 Briefly, microwaving for antigen retrieval was used (Appendix Table A1 , online only). All primary antibodies were applied overnight at 4°C. After washing with phosphate-buffered saline (PBS), sections were incubated with appropriate secondary antibodies, antirabbit or antimouse at 1:2,000 (Jackson ImmunoResearch Laboratories, West Grove, PA), for 30 minutes and washed in PBS. Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, CA) was applied for 30 minutes, and sections were washed in PBS. The color was developed by incubation with diaminobenzidine solution (Vector Laboratories), and sections were counterstained with hematoxylin.
Semiquantitative IHC Analysis
All optical fields on each sample were evaluated, and three to 10 fields of tumor area were randomly selected and imaged at ϫ200 magnification for CD31 staining and ϫ400 magnification for all other markers. Necrotic areas, normal brain tissue, and inadequate samples were excluded. Positive staining was determined qualitatively by two independent investigators (S.S. and Y.C.; Figs 1A to 1D). Ten representative images of positive staining were used to establish a positive threshold for each marker on a color range program in the Adobe Photoshop 7 program (Adobe Systems, San Jose, CA), as previously described. 15 Positive threshold was initially assessed on 20 randomly selected images and optimized for sensitivity and specificity. This optimal positive threshold for each marker was subsequently applied to all image samples. Positive areas (pixels/ϫ200 to ϫ400 field) were semiautomatically obtained, and mean area for each sample (three to eight fields) was further used in statistical correlation with clinical parameters. Of note, one image field contains 1.339 ϫ 10 6 pixels. A dichotomous scoring system (positive, high reactivity v negative, low/absent reactivity) was generated from continuous data (pixels of positive area) for each marker by using a qualitatively guided generation of cut points. In addition, all stained slides for VEGF and CA9 were independently scored as previously described 16,17 by a neuropathologist (R.E.M.), who was unaware of clinical and image analysis. A semiquantitative score was derived from an intensity score of the reactivity product (absent, 0; mild, 1; moderate, 2; and strong, 3) related to endogenous positive controls multiplied by distribution score (percentage of reactive cells in tumor). Immunoreactivity scores of greater than 20 for VEGF and Ն 20 for CA9 were considered high (positive).
Statistical Analysis
For each biomarker (VEGF, KDR, CD31, CA9, and HIF-2␣), the agreement between measures of immunoreactivity obtained by semiquantitative image analysis and traditional semiquantitative assessment were evaluated by statistics. Given concerns about the validity of the normality assumption for uncategorized measures of the reactivity of each biomarker, Spearman rank correlation, instead of Pearson's correlation coefficient, was used to assess the association between biomarkers.
Survival was determined from the time of treatment initiation, unless otherwise stated, until the time of death or last follow-up. Patients alive at follow-up were censored. The Kaplan-Meier curve was used to graphically describe the survival of patients within subgroups defined by age, histologic grade, and dichotomized measures of biomarker reactivity. Log-rank tests were used to compare the survival of patients within these subgroups. Cox proportional hazards model was used to examine the effect of individual factors on survival, as well as the joint effect of several predictors. For each biomarker, Fisher's exact test was used to assess the relationship of a dichotomized measure of the biomarker's reactivity with radiographic response or the proportion of patients alive after 1 year of follow-up.
Statistical analysis was performed and graphs were generated with an SAS program (SAS Institute, Cary, NC). P Ͻ .05 was considered statistically significant.
RESULTS
Patients
Of 60 patients with WHO grade 3 to 4 astrocytomas included in the analysis for our phase II clinical trial, we obtained paraffinembedded tumor specimens from 45 patients (75%). The patient subset in the current IHC study is representative of clinical trial patients with similar characteristics, radiographic response rates, and survival outcomes (Table 1) . Of 45 patients in the current study, 26 (58%) had at least partial response as measured by Macdonald criteria (Ն 50% reduction in size of enhancing tumor on consecutive magnetic resonance images at least 1 month apart, corticosteroids stable or reduced, and neurologically stable or improved).
18 Forty-six percent of patients (12 or 26 patients) who experienced radiographic response achieved survival for more than 1 year after treatment initiation. With a median follow-up time of 70.6 weeks (95% CI, 66.6 to 85.4 weeks), 16 patients (36%) were alive at analysis, with seven of these patients completing 1 year of treatment. Ten patients (37%) with GBM and nine patients (50%) with anaplastic astrocytoma (AA) survived for more than 1 year after treatment initiation. Of note, radiographic response was not predictive of 1-year survival (Appendix Table A2 , online only).
Biomarkers
Representative images of each marker are illustrated in Figure  2 . Using semiquantitative image analysis of each biomarker, we obtained means of reactive areas (pixels/high-powered field) from each sample and dichotomized them into high (positive) or absent/ low (negative) using a qualitatively guided method to generate cut points (VEGF, 5,000 pixels; KDR, 5,000 pixels; CD31, 10,000 pixels; CA9, 10,000 pixels; and HIF-2␣, 5,000 pixels). With these cut points, the frequencies of high reactivity of each marker were as follows: VEGF, 24%; KDR, 31%; CD31, 34%; CA9, 20%; and HIF-2␣, 28%. Confirmatory traditional semiquantitative analysis by a neuropathologist (R.E.M.) was independently performed for VEGF and CA9. Immunoreactivity scores for VEGF ranged from 0 to 120, with 17% of patients having scores of more than 20 (positive), whereas immunoreactivity scores for CA9 ranged from 0 to 160, with 23% of patients having scores of 20 or greater (positive).
statistics were used to show that the agreement between image analysis and traditional semiquantitative assessment was high (Appendix Table A3 , online only).
Correlations Between Biomarkers
Spearman rank correlation was used to assess the association of uncategorized reactivity between markers (Appendix Table A4 , online only). Higher correlations were noted among angiogenic markers (VEGF, KDR, and CD31) and among hypoxic markers (CA9 and HIF-2␣), with most correlation coefficients being more than 0.5 and with highly significant P values. Significant correlations were also noted between angiogenic markers and CA9 but with lower correlation coefficients (r Ͻ 0.5). These findings suggest that all five biomarkers share regulatory mechanisms.
VEGF As a Biomarker for Radiographic Response
Fisher's exact test was used to assess the association of radiographic response and a dichotomized measure of biomarker reactivity. We found that high VEGF expression (mean positive area Ͼ 5,000 pixels/ϫ400 field) was associated with increased likelihood of achieving radiographic response (P ϭ .024; Table 2 ). This test is associated with a sensitivity of 36% (95% CI, 18% to 57.5%), specificity of 94% (95% CI, 74% to 99.9%), and positive predictive value of 90% (95% CI, 55.5% to 99.8%). Other markers, including KDR, CD31, CA9, and HIF-2␣, were not significantly associated with radiographic response (all P Ͼ .1). Of note, VEGF did not predict radiographic response in patients with AAs but trended towards significance in the glioblastoma cohort (Fisher's exact test, P ϭ .1; Appendix Table A5 , online only).
CA9 As a Biomarker for Survival Outcome
High CA9 expression (mean positive area Ͼ 10,000 pixels/highpowered field) was associated with poor 1-year survival in a univariate analysis (Fisher's exact test, P ϭ .0023; Table 3 ). All nine patients with high CA9 expression did not survive more than 1 year after initiation of bevacizumab treatment. Interestingly, two thirds of these patients (six of nine patients) initially experienced radiographic response. The median survival time of patients with high CA9 expression was 37 weeks (95% CI, 35.0 to 41.6 weeks), whereas the median survival time of patients with low/absent CA9 expression was 74 weeks (95% CI, 36.3 weeks to not reached). A proportional hazards model with only uncategorized CA9 expression in the model showed that high CA9 expression was associated with poor survival, with a hazard ratio (HR) of 2.72 (95% CI, 1.17 to 6.36; P ϭ .02; Fig 3A) .
Additional analyses were conducted to determine whether survival analyses examining the effect of biomarkers on survival needed adjustment for traditional prognostic factors such as age and WHO grade. Proportional hazards analyses revealed that age and WHO grade were not independent prognostic factors for survival, as calculated from the time of recurrence/treatment initiation (Table 4; Appendix Table A6 , online only). Thus, these factors were excluded from subsequent Cox models. Of note, advanced age (Ն 50 years) and WHO grade (GBM v AA) were independent prognostic factors for survival calculated from the time of original diagnosis when tumor samples were collected (advanced age: HR ϭ 2.6, P ϭ .034; WHO grade: GBM, HR ϭ 3.8, P ϭ .007; Appendix Table A7 , online only).
The relationship between HIF-2␣ expression and 1-year survival has a trend towards significance (P ϭ .07), suggesting that HIF-2␣ may be associated with poor survival (Appendix Fig A1, online only) . Analysis of the relationship of biomarkers by tumor grade demonstrated that CA9 was significantly associated with survival (P ϭ .012), with a trend for HIF-2␣ (P ϭ .079) in glioblastoma patients but not in the AA cohort (Appendix Table A8 , online only). However, HIF-2␣ expression failed to show significant correlation with survival in a Cox model (Table 4) .
When both CA9 and HIF-2␣ were simultaneously included in a Cox model as two separate factors, CA9 remained a statistically significant predictor of overall survival (HR ϭ 2.58; 95% CI, 1.0 to 6.64; P ϭ .049), whereas HIF-2␣ was not predictive of overall survival (HR ϭ 1.40; 95% CI, 0.56 to 3.53; P ϭ .5). The patient subgroup with negative CA9 and negative HIF-2␣ displayed the best prognosis, whereas the subgroup with positive CA9 and positive HIF-2␣ was associated with the worst prognosis (significant by the log-rank test, with P ϭ .036, when comparing CA9 negative/HIF-2␣ negative with CA9 positive/HIF-2␣ positive; borderline significant by the log-rank test, with P ϭ .067, when comparing all four subgroups; Fig 3B) . There are no significant differences in survival for the three angiogenic markers VEGF, VEGFR-2, or CD31 (all P Ͼ .1).
DISCUSSION
The rational development of targeted molecular therapies for cancer patients has driven the development of biomarkers to identify patient populations likely to experience benefit from an agent. Although the response of glioma patients may be enriched through the use of validated biomarkers (eg, 1p19q deletion 19 and O
6
-methylguanine-DNA methyltransferase methylation 20 ), biomarker discovery for targeted therapies has been more limited in neuro-oncology 21 as a result of several challenges. First, brain tumors are relatively uncommon, limiting the number of patients available for analysis. Second, tissue acquisition of brain tumors poses challenges because the risk of neurosurgical complications precludes repeated tumor sampling. Because bevacizumab has a long half-life and increases the risk of postoperative hemorrhage, the collection of tumor biopsies at the time of recurrence is currently contraindicated for this protocol. Additionally, examples of targeted therapies that demonstrate striking efficacy in subgroups of patients have been rare. For example, characterization of the EGFR and PI3K-PTEN-Akt pathways informs EGFR inhibitor use, 5, 6 but EGFR inhibitors have not displayed sustained clinical benefit. 22 The initial results from antiangiogenic therapies suggest that these agents may have clinical benefit for which biomarkers may be useful. [1] [2] [3] 23 Bevacizumab and irinotecan treatment induce a significant radiographic response rate and survival benefit, 2,3 whereas irinotecan monotherapy is largely ineffective. [24] [25] [26] Thus, the efficacy of the current regimen may be a result of bevacizumab alone or the combination with irinotecan. In the current study, we attempted to identify predictive biomarkers for radiographic response and/or survival benefit in patients with malignant astrocytomas treated with this combination regimen.
In our analysis, high tumor VEGF expression was associated with an increased radiographic response to bevacizumab but not increased survival. Current standard radiographic response assessment in neuro-oncology (Macdonald criteria) uses contrast-enhanced magnetic resonance imaging, which depicts the area of blood-brain barrier disruption. 18, 27 Because VEGF (also known as vascular permeability factor) regulates vascular permeability, targeting VEGF with bevacizumab may decrease contrast leakage into the tumor to produce a radiographic response. Our IHC findings, albeit limited by small sample size, support the proof-of-concept that malignant glioma patients, who have enriched tumor target (VEGF) expression, are more likely to achieve radiographic response than patients who have no or low target expression. These studies are in line with other studies of solid cancers in which VEGF expression did not correlate with survival but in which radiographic response was not assessed. 28 Although bevacizumab and irinotecan are associated with a high radiographic response rate, only approximately one half of these patients achieved survival for more than 1 year, which suggests that radiographic response does not always translate into survival benefit (Appendix Table A2 ). Likewise, patients can achieve long-term survival even though they do not experience radiographic response during the course of bevacizumab treatment.
Our analysis demonstrated that CA9, an endogenous marker for hypoxia and acidosis, was associated with poor survival outcome in both univariate and multivariate analyses. CA9 has been shown to be an independent prognostic marker in patients with various cancers including malignant gliomas. [9] [10] [11] 29, 30 Although bevacizumab and irinotecan have a more prominent efficacy in patients with low CA9-expressing tumors, this therapy still offers survival benefit, albeit modest, in patients with high CA9 expression (median survival time, 37 weeks) when compared with the survival of recurrent or progressive glioma patients treated with various salvage therapeutic regimens (median survival time, 28 to 30 weeks) from two independent metaanalyses of several phase II trials. 31, 32 HIF-2␣ is a transcription factor whose roles in hypoxia-induced angiogenesis differ from those of HIF-1␣, an upstream transcription factor of CA9. In head and neck cancer, both CA9 and HIF-2␣ serve as independent and additive prognostic factors for survival and response to radiotherapy.
14 In our study, we have demonstrated significant correlation between CA9 and HIF-2␣ status (Appendix Table A4 ). However, high HIF-2␣ expression was not significantly associated with poor survival outcome in our analyses. When combining these two hypoxic markers (ie, CA9 and HIF-2␣), patients with high CA9 and high HIF-2␣ expression seemed to have the worst survival outcome, whereas patients with negative CA9 and negative HIF-2␣ had the best outcome (Fig 3) .
Future clinical trials of bevacizumab may incorporate imaging techniques not dependent on neurovascular integrity to permit a dissection of radiographic response separate from direct effects on the VEGF axis. Furthermore, noninvasive modalities are under development to measure tumor hypoxia. 33 For the immediate future, we advocate independent validation of these angiogenic/hypoxic biomarkers in larger prospective studies to support the ultimate development of anti-VEGF therapy in malignant gliomas. Abbreviations: HR, hazard ratio; VEGF, vascular endothelial growth factor; KDR, kinase-insert domain containing receptor (also known as VEGF receptor-2); CA9, carbonic anhydrase 9; HIF-2␣, hypoxia-inducible factor-2␣.
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